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ABSTHACT 

Using the widest terms of reference, Swporplastlo 
deformation can be.! said to be characterised by dnctllity 
under small tensile, compressive or torsional forces that 
is well in excess of conventional bebsvlo^ir. Several Inves- 
tigations have been done on Superplastic behaviour of Pb-Sn 
eutectic. Apart from studying the general phenomenon of 
Superplasticity, observations have been made to delineate the 
effect of prior mechanical and thermal processing on Super- 
plastic behaviour. As-cast eutectic is lamellar and is not 
Suporplastlc. Increasing prior reduction leads to a relatively 
equiaxed structure which has smooth Interphase boundaries* 

Annealing produced an aesymetric struoture with slg-saS inter- 
phase boundaries. The Superplastio behaviour seems to depend 
on nature of interphase boundary and shape of second phase particle. 
An equiaxed shape and smooth Interphnse boundary leads to better 
Superplastio properties. Even same grain-aised samples which were 
processed differently behave differently possibly because of the 
difference in the shape of second phase p^irtioles and nature of 
interphase boundary* The maxlnuuatr grain else obtained by severe 
prior reduction and by annealing upto 7 days was 2.80 microns* 





1*1 

We beatn v/ith a brief note on the historioal 
aoYolopment in thlo field* In 1920, liosenhain obsorvea that 
the 0 old-rolled 2incj Oopperi Aluialnaia tern{iw?y mitootio alloy 
♦behaved differently frora orSinaary orystalllao inatGrlols, ouoh 
as Alittnlnuin but very einiler to «*• Pitch, glass etc’* A few 
year later 3auveur noted that on Iron bor tested In a temperatures 
gradieid; eschlbits regiojis of ©nay twiating at the transfomatlon 
teapei‘atures * Pearoon (1934) found that a fine-grain Bismuth- 
fin and fin-head eutectio alloy could bo extonded upto 2000?£ in 
a tojasion test. Sauorwold (1949) reported that a numbar of 
ulloye based on Alumimim and 2inci had extremely large tensile 


elongations. Efeurily at the Siooe time Boohvar and Bviderskaia 
obsexTed the phonanmon of Itarg© extensibility, also in Al-2n 
alloy* Underwood^*^ a?oported a literature-suxyey in 1962» wlxioh 


covered nearly all the v/ork done to date. Baokofen, fumer end 
Avexy (1964) pioposod and proved that Superplastloity result© 
from a high ©train-rate ©ensitivity of the flow stra©©. fhelr 
paper provided a found atlon for the recent md oontteulag 
researoh In this field* Various metals, alloy© md oeramlc© 
hay© been studied since 1964 # Beoently (1970) two mm 
review©^ on the ©ubjeot have appeared* Padmanabhoia et.al^® 
hove listed all the mtalsi alloy© and ceraiaios , that have 
been studied ©0 far j; .along 'with uoxr© ©ponding refereme©* A ■ 




lot of v/or3c liao bocm done on (Tin-I-oad-'Otiteotic eyetera which 

1 1*3 

ie the sub.joot of proGont investigotrlon aloo “* * * 


Sn-2i;5 gn«8l!- 


}Kwe also boon etuSiod* 


A Guperplaatic iTialiorial (metal, alloy or a oeraraic) 
flovvG with the fluid-lilxc char£;:oter of hot polymers and 
glttOGOB, In solid eryat^illino matorialo thia is u relatiYoly 
reiT© phenomenon and only in the loot ptx year© hue it been 
widely demonatx^^ed * At the preaent tiae duporpiaotioity is 
most oomffioaly aaaooiatod with exooptionally large ©lojagvatlone in 
loetala but is not neooaaarily x'oGtrloted to ouoh oaaca and no 
particular meohtjnlain of doforniation lo inferred by applying the 
name •Superplaatio* • Uoing the widoat texwe of rofoannoe, 
iaupoi’plastio deformation can bo ©aid to be oharocterieed by 
ductility undor small tonoile, oomprossivo or torsional forces 
tliat is v;ell in cocceas of oonvontional behavlow. 


Superplostic materials can broadly be divided into 
two groups * 

(1) Structural Suporplaotloityi is ojdiibited by those 
materials in which a oharaoteristio struotural condition 
exists, ©«g*f a stable, ultra-Hfin© grain sis© of the order 
of a few mioronst 

(2) Environmental Superplastioityi is exhibited by those 
materials for which apooial testing condition© are neoessary, 

temperature cycling under a ©mall applied ©tra©s* f^ 
cycling induce© repeated phase trsinsfomation as in iron » 

; Ih ■ 

extensive elongation can be with a high. , s^ 



sensitivity of Shis oliamct eristic 

is described by a pax'ameter a defined by t 


a «3 


i3*o£i2r 

dimi 


( 1 ) 


where 


« Applied true stress 

* 

€ ra strain rate. 


In general I the asgnitude of ra identifies a Superplastio 
material irraspeotiv© of the mode of straining and the origin 
of Superplastio beliaviour* 'JJh© material© exhibiting 
Structural Superplaotlolty hav® ra in the rang© 0*3 - 0 * 8 , 
while the materials ©xhibiting Invironraental Superplastio ity 
have at S' 1 # la cojiventloaul materials ra is lo&a than 0 * 3 » 
la glass* ra » 1 and tlrLs material exhibits II©wtonlan**vlsoous 
behaviour* Materials which show serrated yielding have 
negative m# 

$h© superplastio elongation Is different from abrraal 
©longatloa* fhis can be explained as follows* A normal 
ductile material when stretched by a tensile fore© can deform 
uniformly only when stable flow oocurs* ^Dhe flow* at tempera*^ 
turee leas than about is raelting point of mat ©rial ) | 

is stabilloed by strain hardening effects* ®h© llml^^^ of 
stable flow is raarlced by the onset of geometrioal instability 
or necking which ooows when the material has exhausted its 
capsBity for strain hardening*, for fuxther etable extension 
the material, j® ■ bo^unloaded a^ then ■ a^ restoring 

the ability to ftrite^rden: again ■:o«:,^pl^ ; 

iS: the: ' behaviour ; of .:nom^ ■ matOrlsl'*;:' :the SupOrplastlc ' .raatoritt 
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dcfonas aifforently* It doea not sti'ain«tiQx*den» In tMa caao, 
the otjCiblQ flow la not due to the strain-hardening effect but 
Is due to high atrain-rate-oenoitivity of flow atresa* lathe- 
raQtioi:d.ly> for a norml ductile mterial m hme, ot test 
teiiipex'oture 1' < 

(a) 

whore ^ » l^ru© otreaa 

I 

^ w I’ruG ©train 

0 w Strength ooeffioient 

a m Strain'«*harciening-exponent * 

The value of n ia generally less than 0.3 wh.loh moans 
that tho stable flow or unlfona elongation does not ©scoood 30i'f> 
elongation booause it o^ai be shown both theoretically and 
Gscporlmeatally that 

^Mokitie “ “ 

At test temporfjturo T > th© otabllity of plaetlo 

dofornsation is due to high etrain-rate-sensivltity of flow 
stress* Mathematiof^lyi 

F 14 )®’ o ( 3 > 

where K « const mt fes? given testing conditions and 
i® a aatorial paramefer * : 
iitt;0trainrato* '• 

Sh© stability of plastic dof oration when both ©train'* 
hardening . and straln-^at©- effect© as© to fee oohsidered* ha©-^ 
been examined by loesard^^f Hart^® Campbell^^i In, such 
a:: oa$e, ■ ^ 
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C»= (kO •. (4) 

where K a A oonstant embracing C and K of eqn.(2) 
and oqn,(5)* 

It was shown that deformation is stable provided » 

^ + m 1 

This ci'iterion is valid both for normal and superplastio 

materials 4 For normal materials there is no strain-rate 

dependence (ra » 0), so condition of stable flow is, 

^ 1 -fche end point coming when n » ^ , after \';hioh 

necking begins. For viscous materlaLs, (n sa 0) the condition 

of stable flow^^ is m 1 . These v/ere ideal and extreme 

oases* Furtheriaoi*e , if we consider the case where n is small 

and we get eqn.(5), then the rate at v/hioh the strain gradients 

increase, is expected to be low for m ^ 0.5 even though a 

state of plastic instability exists^^’^^* This is the case of 

an actual Superplastio material. This is consistent with the 

formation of a series of diffuse necks in Superplastic 

elongation. The apparently uniform Superplastio elongation 

which, in fact^ Is rather a very much extended version of a 

neck or a series of diffused neckSi was explained by Baokof ©n 
18 

et.al. on a phenomenological basis. Using constancy of 
volume in plastic deformation, we get j 


where 


^ m ^ 


os. tA 


1 dA 


1 



A *» Grass -seotionai area 


. ( 5 ) 
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A good wao found between this equation ond 

exporimental data frota Ite© and Baekofon * It wua found that 
tho ©longation otront^lsr dependo upon m* It was cdLao found 
that 200f> elongation :la poaaible v/ith m ao low ae 0*3# I'ho 
roXationohip between elo2:K:j;:.stioja and mlorootruotui'o can be 
oeheEiatioally illustrated a© 


?:ii,om>Aa?ioN - — p- m 

oommmim 


MXciiJOii!iUiy.ci’uaiii, 

CJOHdXL’i'-RAi'IOlia 


i'hat l0| elongation is x^lated to m ttoougb continuum 
oonoideratio^j^ * l‘he iiidcx m is related to raioroatnioture and 
the temper at uxe mid straba rut© through metaXlurgioali 
proporty-atructur© coiioidorationa* 

With thi© goner background of auperplaotiolty (both 
eti'uotursdl sand envirojuaontal) wo now talc© up Structural 
Superplastiolty whioh is relevant to the present investigation 
on Siiv-I»e«id outootio* 

®hl6 has boon obseived in a large range of tv/o phase 
alXoys, many of which are euteotlo or ©uteotold * Moat 
auperplmatio materials ekliiblt a sigmoidal variation of log 
vs * log 4 ♦ $he slop© of thi® ourv® is m# Sh® seoond region 
ha» 0*3 ©nd la Swpo3^pl©8tio* 'First and third regions ' f 
hev© ia& 0»1 and corrospond to oonventional plastlo^^i^^ Alloy® 
of I»©ad#i»3?ii3i'*' ♦ ^ ^ i ■ aJin^Siemuth!^ show ■ all thr©©' ■ r^ • ' 'A: : 



8 


large mmboa? of expoi’ijacmtB have been oja'xIgcI in eseoaid region 
bu1; they have not produced data which define a unieue rate- 
controlling meohanioin* Nevertheless » It has been clearly 
demonstrated that three import «.mt Interdependent critcidLa must 
be satiofied if supcxplastio behi-jviour Is to oocur, fhcy ares 

(1) fh© material must bcsvo a fin© (< 10 micron), 

OQulaxed grain sisse which remains stable at the temperature of 
dofoi’mution, ^fhe simplest way of obtatoiag the retiuinsd stable 
grain struoture is by producing a two-phase mixture in which 
phases are present in approximately equal proportions# In 
general, such tilloys arc of eutectic or eutootoid oomposition# 
i‘he iis-oast material is heavily hot-worked to produce an 
intimate mixture of tiio two phases ouch tiiat both phases have 
fine grain siaes* iha aoae oaaea, Spiaodesl decomposition also 
produces the correct struotur©^^ and two-phas© mixtures in 
which one phase pitis the grMa boundaries of the other &cq also 
offeotiv© in stabilisisi^i’ the grain siae so us to produce 
'•luperplastioity’^^'*^^*;; If on© of the phusoe has a larger grain 
sis©^ (©*g» an annetlod out oo tic alloy), or if gx'ain growth 
occurs during testing^ ^*^®*^'** or if the grains are not 
equiaxed^ the ability to show Superplastioity is lost# 

(2) (The etraiu**rate-*aenaitivlty index m of the materiel 

should b© high (is > 00) ooapured with conventional materials 
(m s 0*1) ^ of m depends upon groin sis© , t©flip 0 ratitK’i& 

of defonaotlon and strain rate In general,, - m inoreo with 
decreasing grain siSe or ; inorsaslng tsjmperotur®; ' but .goes, .through 
a maxiRuaa with ■Inoreaaing ' strain’ rate# v:Mfeeim are, v 



froquotitly obtfdsiod under oonditlons of i3> and 11* 

has been pointed out^® tbut the.ro ie a genorral relationship 
botv/ 0 on the value of m ai’id the olongation to fraoture* Ho’//- 
GVer» there is consltlcrable ooatter eamd detidled intorprc-* 
tat ion of the relationship is not possible at present* 

(3) 'iJhere iB oor® indication that the diffusion rates 
in both phases of di^^lex alloys should bo nirallar at the 
ci©forination«-t©iBpGratuio if the auperplastic elongation is to 
t<ake place* 


In auperplastio olloya aatisfya.ng tho above 3 oriterlai 
it has been found timt m activation energy Q for the dofor** 
laation process can bo dQtt,jrjainett from tljo oxperiiaontjifl 
relationship* At oo^iotant stress and grain sis©* 

,* ( 8 ) 

where k «» Boltaraan eonstfmt 

4 #a strain rat© 

!I? w Tt'^nporj^’oture 
and Q ta Activation energy 

l( ref ora to grain siB© and to stress* 

3?h0 aotivation energy is largely indopend ©at of grain 
sise but it® meaning is not at oil oleur sine© it i® of the 
order of magnitude of the activation energy for volura® 
diffusion in sad fi alloy® ■ and of the aotivation 

energy f or ' &rain^boundary**dlf ^ Sn,. Pb >^^ ■ 

alloy®. JSteverth©!.©®®: it i® apparent that d if ikn^onal :proo©®'s©s 
are of ooneiderabl© in ©uperplastio flow* 



view is roiJii’az’oed by x’CfGont obaorvation that al'icyitig eleiaenta 
v/hioh inoreaaed atojuic mobility also ©nhsaioed Supoxi)lasti<J 
behaviour# ®h© strain rjito corresponding to a given I'lov/ o tress 
tmd tomperaturo, lias been shovm to vary with grain ala©, I»j ao* 


4 oc Jl- 
L** 


(9) 


Bi© exponent ’a* hue boon given 2 and 3* thee© 
olroimatonoes it would oogbj ^wstifiabl© to aoeopt the view© 
of Jonea and Johnaon^^ and X*ao]£©z' and ^horby^*^ that th© 
exponait oun oiay bo oonoidored to llo within the abov© 
values a© limit© • 


'Ih© variation flow-stress with grain siK© at 
oonetont ©tretin rate lim boon reported ao » 


«=< ^ 


0*7 < b < V #2 


( 10 ) 


Combining eq^o#(8)i (9) and (10) we get 

, 0 

• ips) 

^ « Oonot# ©xpC-Q^'i 

Jj 


where 


and 


o w a/b 


1,6 4-0 /^ 4 * 2 


OoMparing (11) with {3) we see that. 


f « 


(11) 


I ^ 0*5 < as < 0,7 

■fith thio general: ;b©ni5^^ ■Sttperplaeticityi m mm 

foeusi: our attention: on Xi®ad-l’i^ ©nteetiO': ©yntew*- 
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1 .2 



on M-eoMg. 


Poanaon laiado aoiao obaoxva'tiona on euteotlo 


syatom# Ho %GSiteC. ex'JjX'u^ed aamploo la teaEiion taid otoaei'^vcd 
ml«ro0tiruot«3?oB alao* He alao studied effoot of annofalln^ 
on elongation* 


(She mean gpain sisso or motcd-lograpbio mean free path, 

I>, Wiis raeasured to bo 1*27 lalorona* The room toaperaturo 
elongation of this Emteriail was greater than 1100^ at an 
Initial true atraln rvato of *#> 1G sec. (It was a oonetant 
cross-head speed test in which strain rate goes on docreasing 
as the gago length elongates more and more)* After anne^iling 
at 1GG®0 for 5 hours the grain dimension was inoreasod to 
30 to lOG®, and Ihls led to a 47^^ drop in elongation* From 
the reported data, oaloulation of la values shows that above 

I 

annealing treatment led to a drop in la valu® fraa 0*5 , to 0%3* 

At hi^ strain rates, or if the material was in As-cast 
oondition, only aomal duatility was observed * An equloxod 
granular struoture woe observed on m Initially flat surfooe, 
while rapid straining produoed elongated grains* 

It was ooncluded that the ability for Stretching 
deareaeed with annealing time to increase groin sise, thus 
emphaeialng the requirement of ttltra-filae gr^- si«e for 
observing Superplastioltyf,^^^^ atta?lbuted the large elongation 
in th®: extruded alloy to;' the perslsteno© of eitremsly small 
grains t o ■ 'a teroperatur® suf f lo iently : high ' for. intergranular flow:* 
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For nearly tljree deoades thei'e wae no fux*ther v7ork 

-j 

in thlQ field, vdien Avery and Haokofen took tlxia up* 5I?iiey 
eiiiployed tv/o raethodo of preparing the Iiead-Sin euteotlc* One 
Was patterned after Pcaraoa md oonoieted of extruding the 
oast eutootie and then annealing to produce a range of 

grain sizes (grt^ln else eciuula Hiotallographlo motm free path)* 
'fhen they determined the e train rate dependence of m and flov/ 
stress . Blongation teste were conduoted at oonetont oi'oss- 
head sx^eed* fhe other method of preparation consisted of 
pack rolling sheets of pure Lead and pur© i'in built up in 
alternate layers* Por laotallography, surface was electro* 

I 

poltehed and etched * She me tallographlc mesn free path,I», 
was dctomlnod by Mnoor Intercept method* 

Before going into results and ooneluaions it would 
be better to consider the proposed model for Superplmtio 
deformation first* ihoy suggested that there are two com- 
petitive prooessos for high tomperutur© deformation (For 
Superplastlo deformation, OJeat I©mp*> whoro Ijjj is 

melting point of tho jaatorial) at all strain rates# iilhey 
are * 

(a) Olimb regulated mcveiiEnt of dlelooutlons across grain® and 
Cfe) Vacancy migration within th® grains 

Eathematlcc^j^^ deformation can be descrl* 

bed by i 

where, ' fafy with c /an^^ : 
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A « A*? D| P bei»g the fioneity of moving dieloeations 
and D is tho dlffiision eoeffioient, and A* la a 
faotor incorpui'ating tlie buygora vector and intor;jog 
diet once « 

B « ^ » V* beln^? the activfvfcion volurae* 

1 

0 #» 4* « «*-y-a , being ITabarro-Herrlng (H-H) vlacoeity, 

^ JTkT 

L being the length of the vaojaioy d if fusion path or 
raetcllogrophlo mean free poth» and Bg being self 
diffusion coeffiolent*“<« lt> 

At low atraln-ratoa H-II creep or vacancy diffusion within tli© 
grtdao (b) psHsiominatoa while at lii^er o train-rat os climb- 
regulated moveraont of dislocations aoroes grains is the domiaaKb 
laeohtmism* At all stx‘ain-rate 0 there is a oompetitlcn botwoen 
(a) tmd (b)» At eoEio atredn-rate depending upon tiie value of 
tiiere is ©Qual contribution from the two components* Shis 
strain rate is called tr^msitioa strain rat© as at this strain 
rat© there is transition from one dominant mod© to other 
dominant mode* If is high (i*e*» H-H viscosity is high for 
the material) the to^nsitlon strain ratsi occurs at a 
relatively lower value of strain rate as oompaied with the 
case when "*{ Is low* Superplaatlo materials hev© a low value 
of ^ (or high 0) beoause in these high m condition is observed 
at higher strain rates (10* /sec*)* Oonventloaal materia 
B high value of (pr low 0) bepaus® as strain rat® increases 
from 10 Ysec* m value begins to deorsase# from the equation ('2^) 



for auperplastio flow, means that tko most 

offeotlVQ uiefma of shifting higher strain rates (i*e* 

observing SuperpXastieitjr) i© rbflnemeat of grain sisie* I'hus 
this model prodiots two tiilisigst 

(I) At low strain ratoo, m t, ±*e*i Newtonian vieeoalty. 

/;.N > 

( II ) ^ 
ir 

OPhey ruled out grcda-boundary shear as a meahtralsm for 
ouperplastio deformation* I'he argument is a© follows. If this 
v/or© to ooour Interorystalline oraoklng and limited ductility 
ought to be observed, Moreovc^r, Superplastlo muter led.© may 
contain a high density of interpimse boundaries (of Itodted 
mobility) while undergoing enormous ©train© before fraoturoi 
the rate of ©hoar nsar grain bmadaries cannot be much different 
from the rate within the grains, 

NoW| w© oome to results. In the Ae*.oast material m was 
eojislatently low (w G»t) for all strain rate© and tensile 
friaoture involved nsohlng plus eacteiasive formation of internal 
voids* Howevert the miorostruoture of the A 0 «»oa©t materlcQ. was 
fine. Even after ^ing for 4 weeks at room temperature the aeon 
free path was 0,|>7 miovamw- She extruded ©ample© exhibited 
iluperplastioity. After annealing the grain elae increased and 
percentage elongation wont down. Elongation tests at o one t ant 
croBe**head ©peed gave the information that a© elongation inorea*^ 
see the m value incr6aaes)i^ In metallograp!:^ there was problem 
of etohiag to reveal grain boundaries ©timiltaneouely in end 
Bh*#ich phases , Metallographie- examination after' testing ' produced 



no evidonoa of intergranular voids in hii*;!! m mobGrial. Viocls 
v/or© apparent > however'^ in samples v#hioh iwm annealed for 
72 I'iours at ISiOOG, tliougii it showed a peak m » 0*45# JPaok 
rolling; of altomat© It^'ore of ^fn and Pb produced more or 
lees lofflollar atrueturo ii which grain© of both phase© would 


bo limited in ei»e by tlio lamella thlokness* $ho minimum 
I» obtained was 1 mlei^on* 

It was conoluded that 1/5 is obeyed* However, 
Aghast Xioad^-fin outootic was not Suporplaotlo inopite of the 
fine structure « It was found that the particles of load-^rioh 
phase were rod shaped and length of rods v«is lO-SO It* ‘Phoy 
suggested that for strojigly oeymmeti'ic groin shapes auoh as • 
those, the long dimonslon should be rate ooatrolling* If it 
is so the observation in Ae-oast material is oonaiatont with 
l/lt , through extrusion the initial struoturo is replaced 
by oas that is no finer in terms of % but is much more nearly 


o^uiaxod* fhe absenoe of Intergranular void© in high m 
cpafirfas th© looie of contribution from grain boundary eheor 
in duporplastio dofonaatioa* 


In 1966# Martin md Baokofen^^ reported yet another 
method of getting fin© grain siasf 5?hoy prepared Ii©ad*^!lJin 
ocaaposites by eleotrodopoaition in altornat© layer© of 0*9 to 
9 mioron© thiokaess* fhls me allowed close oontrol of the 


grain a lao while introducing reeistenoe to grain grow^ 


confirmed Avery and Baokofen^ s earlier finding that 




1.0., increasingly fin© micros true turs enables a matrerlol to 
behave Suporplastioally to higher levels of strain rate. How-» 
over, they pointed out that small grain else is only a 
nooessary oondition tor Suporplastloity. ! 5 Jh©y roporbed that 

at y Xi^y \;?horo a « 0*5 - 0.9 instead of a » 2 as 

1 

rex^orted by Aveiy and Baolcof on « !?heref ore , grain boundary 

« « 

shear should be the rato controlling meohanlsm at 
ijistead of vacancy diffusion within the grains as suggested 
by Avery aM Baofeofen (whioh gives a » 2). The effect of 
annealing after plating was moh Ilk© that of coarsening the 
grain elaei even though the gnain siss© was not ohongod* The 
responee to annealing was related to the precipitation from 
the supersaturated lead-rioh phase that is developed by 
heating the mixture of pur© components » 

In I 967i? Ollno and iUden^^ reported a study on 3i©ad^ 
Tin eutsotlo covering a larger range of strain ratesf 
compositions, temperatures and miorostructure* They also 
investigated the Question why As-oast structure does not 
exhibit Suporplastio bohoviour although it appears to htwe a 
fine microstructure* They used material® of 99 *99^ purity 
and ingots were oast in graphite molds in Argon# They arrived 
at same grain sis t through different the rmomeohonloal treat<^ 
ments:# To observo th©-.^ grain siKa in ■ samples ' in which grain, 
growth was oocurring at ro3to temperature ^ a dioiaond Imife 
Eiiorotom© ;WaS' usedi;',' An aleotrc® was used: as: suggested^ ■ : ' ■ 

by Avery and haokof en^ * The is specified by the 

moan intercept iengthi;: 



5?hG KaicroQtruoljur© of the outeotio alloy oho wed 
uniformly distributed, e^^uioxed grains of fin Load* 

IsJho grairi siso was, L w 2 laioroas* fhe microgrt^h of a 
unldlrectionally solidified (6 inohes/liour) eutectle 
appc^rontly ehov/od a fine mioroeti'ueturo v/Mch, however, 
on exiaalaation with polax’ised light elofeirly showed that 
the Tin grains were very large and have fin© Lead pfirtioies 
dispersed in them* Th® doforroed and amealed sssiuple 
(170®G, 1 hour) shoved a grain ala© of tO microns » Defor-* 
nation of this annealed sample revealed grt^la boundarios 
and interphaso boundaries of the oqulaxed struoturo* The 
continuous aoratohes on eleotropoliahed surface showed 
diaoontinuitlos at tho boundaries oftor deforjsiatlon* 

The log<K«. log i curve was S-shc^pad or oignioldal* 

Widely different lO0c»^ vs log 4 curves wore found for 

different ooiapositiono. A comparison of % elongation for 

vtai'ious ooraposltions showed that ^ elongation was maxiiauin 

for eutcotio oomposltion# Tho vtilue of m at low strain 

rates is 0«2J, goes through a maximum of about 0>5 sad 

approaches 0*1 at strain fates* With increasing 

temperature the flow curve shifts to higlxer strain rates 

without a sigttifiomt ohang© in shape * ^rom a plot of 
* 

log ^ vs* t/P at const ant stress, the apparent activation 
energy is 0*5 ±P*1 ©*v*, whereas the aotivation energy 
for self diffusion is 1 ©♦v* for both pur© Lead and pur® 

Tin* ®he As-’Oost eUteotio does not ©rhibit large elongation 



03.’ ^ v;.au@* StMJ log 4 oiMiTr© Ao aot 

'du« A© SI 0 tn*aAgiit liim 'fos? Aa^^jaet ©uteotio siXii la ©iMAsiS* 
to la 3 ;’jge«<*^ 3 ?aA!tt pare • At till luite© la vtiAuo A© 

Aov=? for Ag«^aat outcotio* 

i'lioy ooMliiae that dilute iklofB and ovoki pure motsile 
<im o:shil>it hi^^h a at rolstlvoly high strato rates If the 
grains txm mmlX mtH remin ©aoll dtaring the teat*. TM mech- 
anism; by tMeh a ssotsA becomes Supos^loatie dopeijSs on 
grtain sis© but does not roQulro the preaenco of two phases 
or aXloying elements in solid eolutionf nor does it depend 
upon a speeiil ps.’OiJsrti? of a outeotlo as» for e^caaploj its 
low rjeltii3|| point* Ihe import mt rol© of oOEjpt)oAtion is It® 
effect on groin gm-rfelu ;i?he greater the voluae of sooond 
phase ,, the lower the rato of grain growth beoaus© of the 
mXatiw iiwobility of intafiihi^e boundaries « fhey mphmi** 
md that hi^i %tmk m tlosjg is not suffAoAoat for loi^ 
olongati©j»# ®he tnltial tim grain, ©iae wMoh loud© to 
high m should remain fino during liaperplastie deformation* 
lor eacamplef the tutootio J3e{ad**^in alloy allowed jaaxliatM ^ 
elongation besouse it© grain siso was eonporati^y nore 
stable during Suiieajplaatio dofoaemtiim# In other wmm 
eutoetio oonpoaitlonn ip?sia growth odour® by Supex^ilaetie 
defosaation# $hi» gr.fsin g3?owth /during Superpisetio’ 
nation rodttoe® the s durii^ /strainin^^ for the sane 
reaeon pur® tin is not ft^trpleste ej«^lhit ' 

® M#i pesfe: Vdloie #»*: 
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l‘h©y ooncludod iihat the flomiiaEioit ©ode cscp dofonaatlon 
at low strain rates In tlio Supexplaatlo region is grain 
boundary gliding • (Sliis oonolualon was arrived at froasi the 
aetallogr£ 3 ?hio evldenoo that the boundary regions wore 
olearly revealed by otralning and thes:*© I'/ore sorateh^-offsets 
at both interphaee boundaries and Tin phase boundtirles whloh 
is the Majority phase (71^ by voIuko)* The onset of grain 
boundary sliding oauscs a rapid decrease in flow stress. 

They point out that it is not nocesstjry that grain boundary 
sliding should account for all the dofonaation In this strain 
rat© range but only that it sots to modify the deformation 
prooeso so liiat the floi'/ stress drops rapidly. In this senses 
grain boundary sliding is not unitiuo, and other mDohaniasis yot 
unldontifled oould hovo a similar meehanical effect* Wsljig 
the information from Htu*t*s study of meohemioal behaviour 
of Hewtonian viaoous grisia boundaries digpereed in a non- 
larboaion medium^ they suggest that if drain boundary sliding 
is lewtonian-visoQus# then at very low sti*aia rates » the grain 
boundary regions may b© fully relgeced and the flow stress 
dstermlnsd by the aoeommQdation prooesa* In this oas© the 
rat© sensitivity IndoK m would not nooessarily approaoh 1 

at low strain rates^ Thus* this reiaovofl the obieotlon with 

■ ' t 

Aveiy and Bookofen*© model besed on vaonnoy diffusion within 
the grain® or Mt diffusional ore# at low strain rates t At 
hi^ strain ratesi they suggestadi ©lip 1® predominant mod© 
of deformation;# 



In 1967* i^aoicor su^estoa that Avery 

and Bookoi'en*© equation ( li- ) could not explain the 
i^uporplaatlo beheicviour of i*b-Sn eutectic oyotem ^antitatively 
thou^ it could QUEilitatively explain the Suporplastic belm*^ 
viour of Pb-Sn outoctlo and other ©uteotlc alloy ayetoBia* ®lio 
prodOEiintmoe of JIabarro-Kerring oroop or vacancy migration 

v/ithln the gralm at lov/ strain rates v/hicb was proposed by 

1 15 

Avery and Baokofen io not substantiated by later v/oilcers , 

3?aoker and Sherby made a computer px^graa and using least** 
sqUEjre curve-fitting toohniqu© proposed follo\id33g otiuation 
which eorreotly dceeribes the Bupcrpli^tio behaviour of 
I>eatl-2in eutectic 

C tt B* 

wherci A* ^ B* and are oonstant© at a given temperature • 

iilhie equation has a composite nature and ie eimilar to 

1 

Avery and Baokof ©n’a earlier equation for Supcrplastlo 

deformation* fhe Invorae grain ©iae squeio dependeno® of 
* 

€ is now changed to inverse grain sise oub® dependonoe by 
x^acker and Sherby. ^Uh© first term is belle ved to aocount 
for a recryotallieatioR or grain boundary migration process ^ 
but no exact pl^sioal model was proposed to acooiait for this* 
fhe eocond term was written with the heip of Weertman*®^^ 
theoretioal ©xpi^ssion wdjioh describes the creep behfArioijr 
of met^B at high ©train rate® W.m dislocation cliiab is 
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x’ate-KJOntrolliia^ . Ho r^o^litloation c«P IVeortiBaa*© expx^saioa, 
which was dorlvod fox.' iiiotalsi was doif® to aooouat for the 
jalloy mture of the eyoteia* 

RO 

In 1968> ^ehi-* aM Backofen reported’*^'^ a study on 
oommorclaily puna Sn-l^h calloys of vai’-loua oosnpoaitlom 
(14, 39, 62 and 80 wt?/' I'in)* Air melting was aoii©« ?a?ellmlnaiy 
dxcperlmeate indioated no significant diffoiano© ^ the beha- 
viour of mtsrl^iJl wado by vacvtiina melting aM hydrogen purging 
of heats of high purity component a* Each ingot was given a 
28i1 area roduotion £it room temperature and then stored at 
<4000 until teat* Use of higher reductions upto 25681 had 
negligible effect on the behaviour* for metid-logr^hy, 
acohanioal polishing v/aa done and then the sumplo was 
oleotropolishsd ^ to remove the abraded eux'faoo layer* 5Phen 

etching was don© witlx an otohant^^ which was different from 

1 

timt used by ©arlier wos;k:or 0 • drain siass refers to metailo-* 
graphic mesn free path and was determined by linem^ intex'oept 
method* The number of interseotions wag greater then 20 
which gives an uncertainty in li ;3*W» Ho disorimtotioa 
vim mad© between grain and phas© boundaries in finilng % 
(considering the phases separately it was found 1*5 in 

ths extruded ®ut©otlo) ii Slootron mioroseopy was dons* drain 
sis© after ext iuslon was increased annealing in air at 
1 60<»0 , In the Pb^Sn ©uteotio , $ia phase occupies nearly 
volume and appeari .a® , continuous f. relatively ^ mtrlx ' 

sorroundtng the rou^ened lool^g Pb«*riah phase *: fh© extruded 
©uteotia gave a grato else Of 2 ' ffllor^ 



fhey founig that} for Ph«*Sn outectio alloy the yueohaalom 
for ©uperplaotio defoasmtiou la one of non^-Mowtoalaa gvQ.tn 
boundary alicUng tmd dif^Tuoional (Newtonian) oroop aotiiig in 
parallel v/ith each other ana in aorlea with more comioa non- 
Howtonian alip oreop* fho baolo of their argianent wao both 
meohLvnloc^L and metallographlo etrldonoe, !I?lie ostporlmeatal 
rolationehip oan be reproduoed by aejsalemplrioal procedures 
that it 8ugg©ij?tej and th.ore i® structural evidonce ao well 
frora roplioa electron mioroaoopy of the separate proQGsaes# 
.I'rom surface obaervatiom they oonJ'S'Otured the presoaoe of 
ctiffusioa^il creep# 'fhio was not substantiated aa no internal 
inclioatioas of difi^eioncd. creep oould be obsexTod# SMs 
oonfliot becomes only i#i>araat> howeirari onoe it is rooognieed 
that observed grain growth could be aoeompi^iod by a grain-- 
shape relaxation and thus jaasik groin elongation from diffu- 
oional straining, n!be vin^iation of composition dioolosed no 
Ghanges in the basic betesviour pattom, Ifhere wast however* 
an Indlreot evidence that grain boundary ©lifling was easiest 
in the 50 4- 50 volume fx'aotion alloy* suggesting that inter** 
phase boundary is a favoured site for that proa ess# 

05 > 

Another work was reported in 196^* Avery and Stuart 
studied the role of eiiifiaoes in Superplasticity* a?h^ atudied 
a near out eo tie lie ad--*ffiin alloy (40i^ ;Pb*: 60^ Sn): wittoh.wao 
air melted under charcoal*. ^ starting mterials were straits 
fin (Sgf»S^); and chemical head . (99^ fhe allc^ was poured at 
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260®0 into a bott0iar*gatod bras® ohlXl laoldf after 

romoviil a slab -type oaatirg* 'Jlhe tn^ots were maoblaed 
ailghtly and were subeofiuoatly rolled In to^ pasaes at room 
temperature to a total roduoticai In area of 93 *3^ • Strip 
teaalle speoimens had gage section either parallel or per- 
pendicular to tho rolling direction* fh© thickness was 
constant to ^^0*0005” along eaoh gage length* Specimens 
wore annealed for three hours at room temperature# others 
for 7.5 f 30 and 52 hours at 150®0* Oredn sizes or m 0 t«.d.lo- 
graphic metm free paths v/ore 1*5i 3*25# 3*52 and 3 #65 miorone 
respectively* All matcrltd. was stored at 47®0 prior to 
testing* She test temperatureo varied only by during 

any sln^e teat* iJuoh close temperature control was 
n©oesst50?y beoaua© nomol room temperature vtirlatlom resulted 
in Qonsider thle scatter i 

X 100 m 3% per 00 

fest temperatures rarged from -50®0 to •t-50oC* strain 
measured with an ©xteneoiaetor affiaead to the gripe rather 
than to tlia specimen it self * since direct attachment caused 
damage to imd distortion of the saisple* Soad versus ©rten- 
aioo was plotted on m X«5f recorder. About 100 tests wore 
done* 

fhe log — log curves were sigmoidal* m vs* 
curves, for 1 *5 microns grain siss material for various 
testing temperatures were similar to one aaothori being 



H 

dlspliased witii dGoreaoiii© temperateo to lower and lower 
ViduQS of Qtraiia rate* 2Jho cui’ireo all show a oliaraotGriotio 
ijicreaae in ja vdth dooroasing strain rate, rising fx'Oia 
m wD.I'y to a maxlmim noar a m 0#5# follov/od te^r a gradual 
door©as©« fho peak xa vtiluee are slightly highor in the 
tri^verse direction^ end show loss drop at low strain 
rates In the transverso dirootloa » I»og «k vs * li plots 

show a slope of 2 in the Suporplastlo region (or 
As the strain rate Inojroaeos «md tho teniperaturQ dooreasos* 
the slope docroaseai v/ith the stress evontually beeotning 
oesentially Indepondont of grain slsse* fhe stress in tJi© 
ti'ansvereo direction is always lower than tliat In the 
rolling direction, paitloularly at low strain rates* 'JJh® 
grain siae was ©{juiaxod v/ithin tho limits of experiraontal 
orrcKp, and would not appear to ao count for this anlsoti’opy* 
Aotivation energy plots of vs. 1/f show ooasidorahle 
ouivaturoi Q increasing with O'Cnd doors using with T over 
tlio rang© 11 -t 8 Koal, 

fhey looked into vtaclous xsoohanlsm® proposed till 
then, and suggested tlat ideally the mechanism should her® 
a physioml modeli should be ahlo to predict quantitatively, 
diould ©xplaia the very strong sensitivity of Sup^plastlo 
heheviour to grain siJS©# slK>uld he to aooonnt f or m 
having a msxxirnm and then falling off at both higher and 
lower strain rates I and it should aooount for the observed 
anisotropy* towards this end they pjjoposed a laodel whloh 



is an QXtonsion of dlfi’usional olliab wodol* It includes 
a baclc-streas term<»so • ‘file oroep equation £or tiJa material 
over a v/id© vtmge of strain rates v/a® proposed to be t 
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Grain boundtws;^ dif fusl«aa 
Grain boundary v/tdth (of 


constant • 
tlio order of a 


few atoms long’bb) 
B w A constant 


V*i» Activation voltase ♦ 

I'bo first tern is derivod from Oobl© Kiodsl'^ for 
boundaiy diffusion* fho ocoond term is to aooount for olimb 
r\ifiulat6d movement of dislooatioas* HJlie blgb rat© sensitivity 
at Intermediate strain rates reflcots a aubatantiol oontri^ 
bution of grain boundary diffusionol creep • It high strain 
rates » dislocation climb is the predominant tern and at low 
strain rates the <^6 term becomes dominant » with u ooossqueat 
low m* 


fhey could not positively identify the origin oSo^^* 
f hey proposed that it ariae® from a mechanio^ fiberingi 
produoisog a oomposit© strengthening in th© direotion* 
were not abl© to obtain clear «» telle for 

thes© fibers^*' 9?bo book stres® was defined so that*. 

( er^» *n6 ) m K*4 I Where m maices a jsMOoth tr w from t 



2C 


4 

at 4« ^rp (a train rate at pmk la) to la w 0»15 at CJ'^-Cp 
l>’or Leod-Sla* fito tl’'.e oquation 

k et G QXp{*»0/J®) e3cp( ^^ "^) 
v?here» Q as I 9 Kool* 

V»« 10"^^ oja^. 

'.a-iQ oonatont C inoreaoeo v;lth iEipurlty level md iB consi- 
dorably greater in the rolling in tho tronavorse 
direction* They also concluded tlmt the rato of neolfi grovrfch 
aopoMo directly on om.l'ace Irregularities and inversely on 
m* The high m (0.55 0*9) ohareioterietlo of Superplaetio 

materials is in turn related to m inverse power fusiotlon 
of the groin eiae* Thoy iaade a remark: that non® of moohanisras 
p:iX>pO0ed till then was adequate to dosoribe oompletely the 
O'-im. j, 4m f behaviour# <:d.though they all aooounted for various 
aspects of it. 

la t969f Aldrioh and A veay^^ reported m study on 
oyolio straining of the lioad-^Tla sutootio. The euteotio 
I?b-Sa ^loy eadiibited ^porplastlo behatviour in AXtemating 
uniaxial fatigue similar to that reported in tension* Their 
work Indloated that at low straitt amplitudes the rate 
controlling ffleotaanisia for Supeaeplaetic behavioin? is gra^ 
boundary sliding.^ With inoreaslag strain aiBplltudes the rate 
ocatrolling mechanism nwitohea to Ooble grain bounds^ 
diffusion#;: : With inbreak temperatures ^ the ' transition ^ ' 
from grain feoundaiy^^^^^^S^ grain boiwidsty dif^^ as 



Q rat© ooiitrolliag meolit4iisia ooours at lower s’brain timpli-' 
tudest ‘Xhey noted that the fatigue life of ^uperplaotlo 
alloys was strongly depoMont on the strain rate* 
noted that in the region of liigh n voluos the f atirpi© 
resiatanoe is enlianced booauoe of Inoreaoed difficulty for 
oraok nuoleatlon, ^Phey pointed out that Superplastio 
behaviour is not the result of a unique Ejooliaiilsia* but 
x'^itlier the raoohunlsm varies as a result of th© oonditlona 
imposed on the system* fhey suggested that high angle 
boundaries which act a a ©ffootlve sources and sinks for 
vacancies ore an iiBpoi’ttUit prerequisite for Supei'plastlo 
behaviour, 

Anotlier study of Ijoad-^fin euteotio^’ was reported 
by Hawtd In 1969* Materials used were of ocwmaeroial purity* 
ilo found that Suporplastio behaviour was observed at relat**- 
ivaly low strain rates ( w 3 X Q® ooiapared with 

the strain rates generally used for different forming 
operations# 9?hie was attributed to the large grain sis® 

(100 microns f or As«-Oaat outectio)* lie found that by ln-» 
creasl4xg the aisount of hot viork it we© possible to refine 
the groin @ie® considerably# H® found that the grain sia® 
?/as unstabl® duxing Suporplaetlo defoi'metlon# ®h©r© was 
both jieohanloal and miorostruotural oirideno® for this* Be 
ooncludcd that grain boundary sliding assooiatod with oonti#« 
nuous rebrystaliisatlon ms the ecoowmodetion prooess was the 



meolitiaism of Sui'icia.’plaQUio aeforatitlon* H« also i'ooija tliat 
Mis tlow atro®®. ae|>caCiOi'i 0 o oa tbe Qvdm si®© at Mgls taEjpera** 
tils'© was fiifforant fvm tlio oi» ot 1;ois;A>m:atuT©* 


tn 1970, Burfeon'^^ roisortcd a otMy of low strain r^ot© 
Dohavlour of Xoi^«*5.‘ln euteotie# tl^olng a eojwantioiM'l. oreop 
touting TStOhln© li© i'oand that log'»^V’a log^ plots m'ro 


;:ji^polt2i'5i# Ho f 0tui>5 tlKit Z vs U };iio*'oa3 Au rollsc! s.-japloa 
af l4©i<4«*5?ln Gutootle* birt o£>;;t3?Q©iJin0 oosax's'e}^ quit© :i*upldXy 
at roora tiraporatiira* fifho stablo latruatur© wm onlif asijioirofl 
:::j*tyi‘ SioMlng foy two sioatho at rooja tomiforatu.!*© v/l'ion tto 
aoiia fro© path has isicro-itofl to 6 aiorons* fMo op^/oai’e^ to 
ha on upper ISalt fcwE* ooarauiiii'iii oAnoe no ftis’thor Imreasio 
Vim ^etootahl© over a Ixm^ payloS of tlKO* Cfroop mmttu 
ahtedno^ at 4,'oom toaporatjure far thoao otaMliooS: 6 gjAeroao , 


axmoliaoa v/ero plottosi An 'tl'ie oonvoatloaol manao** (lo^ 
lag ^ ) aM &lpioA<3,<il aiOTe was obtaltiocU fh® potik m ooous;‘^'®id 
at ^ m td*^/oao» vMoh Mt Xowor t^im pmvAGm 0tudim* fim 
Qoourwioo .of peak la at low 0tr-idn ratoo wo® aaeribol to 
2 . 5 , '-rue 01550* Blojigi-ition at a stroisi 

ooK^asponilng. to peak n <10*®/©©©#) not eonvliiotol m 
we3?e ’t^Tj tlEa© oonsmsiiig ^ 1<!r®/oco*:for lOOil 

oSonuatlo)i m »©4 ^ Bo otte;goOto«l the ®acA;ifono@ of 

a threoliioli * Jt& phjroioi^l explamtloja of tb? ' ' 

tteeh©l4 atreit iffe© ■gliP03%*^ .■ However i- it mm polnteci: ' out. that 
a alteilur oneet '©ti^ oMerrei for. grain hbiisjiw 

alMli:^' .in MOie^etelt : of oontainl^ of f©- 
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. H© pointed out that if a throohold otroas exlats> 
tiio concept of ei can bo raieleading. H© euggeated that in otsse 
of Pb<**3n outeotio the doforroatlon behaviour eliould not bo 
oltiaaified la tonaaa of xa values but should be oonsMored in 
the following strosa rirngoa j 

(I) Below no defoimtioa occurs* 

(II) At intormedlate stress level Hrue* Suporplastieity 
occur© probably by a grain boundary sliding prooooe* 

(iii) At higher ©tress lovol© usually recovery creep 
proooseea operate* 

Ho emphasised that the tost© should be conducted after 
stabilising the grain oiae* Othenvise^ grain coaraenlng 
during tooting le« 2 d 0 to oyeteaiatio error© if o^~e relation- 
ship i© Investigated using etre®© increment or decrement 
tests on a single ©peolmen* Slno© ©train rut© deoroaoo© 

'with iacrotislng grain also the ©train rat© at which ©ubse- 
<auQnt ©tros© level© v/lH be lea© than expected > thuBgi giving 
ri©o to over- and undcrostimat©© of m respectively* Be 
pointed out that almilar error© can aK’iae if strain rat© 
inorement and deorement test© are perfoxia©^,* 

afh® most recent (1970) report available on lead*^ln 
outectic is tliat of Cutler and Kdington (to bs publishedi 
©e© Heference 19}» % optioel metallography they found that 
in Xtead^Sfln ©utectlo alloyt the sinter^ litad partiolefi 
occur© during Buperplastio def<n?matlOn*^^ also found 
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evldonce for g3?i:dn bouncliiiy eliding. !l?fe©y eisudied the vurlatioa 
of texture with etrain fox' a rar^^e of values of m. ‘f ho tG:i:tur© 
of both Lead and 2ii>»i’ioli phases has been jaeasured in etrip 
opoeliaone produoed by rolling the oast matox’lal at room 
toraperature* It w^iia ehovm that for la » 0*3 to 0*7 the textiu*© 

In Iiead was oompletely removed after ZQOl^ strain^ but the 
t'extui’e in fin is vveakomd and chf-inged upto the maximum strain 
inveetiguted (50053 ) » For the i»ead-rloh phase the toigle between 
the rolling direction and the teaail© axis influences the rate 
of change of texture » but not the final result* However, for 
the 5)in-riqh phase both the rat© of oliange of texture and the 
details of the f intil texture depend on the wangle between the 
tenailo oxie and rolliiig direction* Quanbitatlv© interpre- 
tation of the data vma not possible m these texture meaeure- 
HJonts were confined to the central 70® of the stereogrOT* Hovf- 
overp they pointed out that the genersd. import moe of grsla 
boundary sliding# impilcd by many of the metellographio studies # 
is consistent with the texture measurefficnte* 'SJhey found that 
amount of eliding on lead/leadi leod/fin and fin/Iin bouxjdaries 
v/as different* 

fho behaviour of the Superplaetio material is vesy 

fll 

oimilae to that of polymea? materials and a numb^* of workers’^ 
hurs fmtphasissd the possihility of adapting ostablished 
teohniques for formiKg forming of Huperplastio 

laetals* ?&h© teohulques inoiude vacuum foiming, drape foming» 
bottle blowing ■sto% \ ' 



cohere ar© two main adrantogea for forming of 
Superplaatio mtei'lfilo* 

(1) Large atraima c;.3i be obtained without the fear of 
iooaliaed necking » and 

(ii) 3Jho etresaes under which dupcrplaatio dofox'diatlon 
ocGuro aio low* 

main diaadvantage in case of Superplaatlo materials is 
that low ©train rates era retiuirod as compared with moot 
oonifontional forcdjag opex*atioas* Howovort the Leod-dJin 
outeotlo is promising as this shows Supox'plastioity at 
rolativel^r high value of strain rates* 

02 

Al*»Maib and Dunoim have studied forming cf Lead- 
2ia euteotic alloy, She large aool© exploitation of Supor- 
plastloity by motor industry ha® beon disousaed by Bundy®^* 
It was pointed out that the pattern of costs was very 
different from that onoountored in conventional 0 he©t**metal 
forming* However , SupcrplootlC behiaviour might be used 
isidustrially if oomplecs welded assemblies could bo replaced 
by a single J3uperplastioally pressed component * 

theoretical malyses of motsd, formispg operations for 
iluperplastio materials htnre been, reported^®# In general* 
structural auperplosticlty has received more attention for 
QOttoeroial exploitatipn tJxoti Bnvironiaental duperplaatiolty * 
Howevert on© BiiviroaBiental Uuperplaotlcity 



lie deaoribeG the teduilque 


8l 

haa been x’eported by Johrieon • 
of die-lees drawiiig* 

I’he raici'’oa'to:*uoturtiL coMitlon which j];ives ;iupcrpiQetlc 
behaviour could uilso /^ivo rise to m toprovoKent ih u »UH»ter 
of proportios deoirobio in subsequent service* £’or oxciaplSj 
it has boon four4 that the croep-x'osistairKje is improved by 
Superplastic defoxiaation during forming operation* However# 
there is a need for further explanation of the proportie® in 
materials after Superplaetio deformation* 


1 .4 him of ffreaent Study 

fo begin with, this ©tudy was In oontinuatlon of 
84 

Haw£sil*s wcKTk on ooiaaorolal purity Xioad-!?ln eutectic »Bir< 3 e 
important findings of that worir w»wi t 

(i) IWea large grain siae (36) microns) material exhibited 
Superplastlo behaviour* 

(It) During Superplastio doforaatlon reoryatalXisation was 
ooourring v/hioh led to roflneaent of grain slsae, and 
(lii) v/ith inoreasii^ amount of prior reductloni grain slis© 
was rofiiBd cand better Superplostlc behaviour resulted* 
9?o gain a deeper insight and to minimise oomplioatlons due 
to impurities in oc®iwrolaX purity materials* it wa® deolded 
to work wildft high purity materials * fhe problem of As*Kjaat 
ewteotio having a fine ©truotur*© but not exhibiting Super- 
plasticity was also locked into* Starting with Aa**Qast 
euteotie Inoreaaing amount of prior red uot ion was given* 
SuperplastiO' behaviour: of grain slsed material with ; 



composition ,:mcl prooosst’d dlffc);eGntl,y has been 

*1 

reported by GXiaao aM Aldea*'^. Api;a;‘t fmn tbo gieiiertsl 
observations about iJuporplostic behtiviour we aiseti at 
same gz-aiji sise through diffe/ ont i^honaosieehtiiniCicl proooooiyjg: 
]£eepini;j too ooKipooition saaie» and corapcir© thoir n’ochanlctd. 
boliaviour to study v/hother Shoriaomeohaiiiiord. 1)1*00000 ing hao 
oOEie additional lolo besides the raaiiipulatlon of grain slae« 
Optical jaetullograpijy v/as oaiployod to study struoturtl 
oMsiges due to differoat 'fiiorraoiiiechaaictil treatments and 
Suporplast io deformation* 



EXPEUimmiM, moomum 


P3?e'ota?atiQa^ 

SiutGOtio alloy of 3n-38*1 Pb was oaet in prebcated, 

split-molds (Imiex’ dia « ^ f outer dim a» 1^*» length « 4.5”) of 

mild stoel. Tho melting was done, in air, in a graphito oni- 

• olble* High purity (Appendix 1) materials were used* Solidified 

rods wore Immed lately quenched in water • As-oast rods were 

swaged at, room teoporature, in steps of 0*04” reduction in 

diameter* Oare was tidcon to avoid exocsoivo rise in temperature 

due to swagim^* i'ollov/ing samples were chosen for study i 
2able 2*1. 

Identl- Dla.after 3,il©duc- Annealed Annealed Amiea- 


float ion 

swaging 

tlon in 
Area 

for 1 de^ 

for 

3 days 

lad for 
7 days 

plast; 

oally 

Befov' 

.japdr--- 

A 

0*54" 

54^ 

A-1 

A-.3 

A-7 

SB— A 

B 

0*26" 

13 % 

B-1 

B-3 

B-7 

SM 

0 

0*18" 


0^1 

0-5 

0-7 

SB-O 

B 

0*14« 

9S9S 

B"»1 


B-7 

0M) 

E 

0*10" 

9 ^ 

E-1 

E-5 

E-7 

#*■ 


As-oast and swaged rods wore then ffiachined to get speolmens 
(A & 3)j^ dimensions given in the Appendix 2* l^or othersi 
rod-speoitaena were made suoh that gage length wtm greater than 
4xBia»'i aid ^ their:: (-3/0) :* ■ 
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Those apcaiffioa© wci;*c? all t'km time atox^3d ±n deep iveozev 
boforo UestiEig in unaxinealed condition. iULi QmplQ& (A<*B) 
v/ere omioalod at 120®0 in air tor viO?ious aarnotmto of time 


(1 day, 3 days and 7 days)* lUhe Idontlfloatlone tiro given 

in above Table. Annealed samples were also stored in deep 
freezer prior to testing. 

2 .2 Testing 

Xnstron (Floor model, TTG 3t<indard, lov/ Speed Metric) 
vim used fox’* teeting:. Crosa-hoad speeds could bo oliaiiged 
inorementally f3?ora 0.004 oai/min. to 4 ea/mia# la value vim 
detormined as follow. Orocs-hoad speed vi&q changed to a higher 
speed after there was about 3«4% elongation at a constant loeid. 
This rosults in a riyo of load-lovol. This was aropcated for 


all avoilabl© croea-hoiad speeds to cover a range of strain 
rates, la la given by 


^ log 


^a>^t 


and Vg > V| 


whore, F » lioad 

V m Oross-hoad speed * 


This value of m was aori’ospoadis^ to lower strain rate, given 
* 

by ^ u** , whore I equal® instantaneous gage length. The 


values of m were oulotilated from load versus time plots. 
Instantaneoiis gage length is computed by asauming the strain 
to b© uniformly distributed along the entire gag© length. This 
isaValidusBUiaptioa*': 

Tests were conduo ted to find elongation at constant 
orosa-heod opeed oorreSpoMing to that strain rat© which gave 



pfc£ilc IQ for that aanplo* 'i'he«3e testa were ooiKluoted for 
all SQjaploQ (A*43)* i'osta were ooaitiuoted on amoalod eawploo 
also* Values of stress an5l stredn I'ate rofor to the true 
vt.a.ues* After about 3*45^ otoady state otredn at all 

available oi^oas-heaiJ sp©oas» thip procedure v/as repeated to 
study behaviour in XI cycle. 

^h© s^aapleo wore aeohfxnloally polished using liquid 
Paraffin to avoid aoi-*atoh®s» ailk-oloth was used for flnodL 
polishing on a Poliahing v/hool moving at low opood. A 
suspension of 0.005 micron Polishln^^: oonpound was used for 
Polisiiing wheel. A waahlng-pov/der solution mm used to 
avoid soratohea duo to Polishing wheel* 

fhe polishoct sainplos were etched with a freshly 
prepared reagent suggoeted by Avery and Bookofen* . It 
oonsiata of t 

t Part mtrio Acid . 

1 Part Acetic Acid 
and 8 Parts dlyoerol. 

After etching photo-iaiorographs wore token* The initial 
wagnlfioatioii was 500 and 800 and it was further juagnificd 
2*2 times to get ps^nts B2 siae* Kodak* Xow**speedj( fins 
grain* 80 ASA, 35 aiKi fHw was used* Pictures were tokea 
soon after the test to svoid th^^ oomplioatioa of grain 
growth at room tworaturs^*;' v- 
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nonunifoTOi^ aistributed and toogultir shaped partiolee of 
various siiaes (Fig»4f5)* 'i?he grain siao 1© 1*10 microns* 

With 549^ prior reduction (hot working) th@ lamellar 
structure is completely lost and overywhere the long 
laraelloB are degenerated into fine particles, fhe clustering 
of particles occurs now only at relatively fewer places « ffhe 
grain sis® is 1 mioron (Fig *6^7). 

With increase In prior reduetlon to 73l^i the grain 
sis® remains same at 1*00 mtoron but the olustoring of second 
phase particle® occurs at still fewer plaoeeCi'ig.S)* 

With further inoreas© In prior reduction to @7?S| the 
gr;<in 0ia© booome® 0 *98 microns* 3Dh« second phase Is ^ult® 
ttnifo*miy dletrltoutod ($'lg«9)* 

After 81^1 a® prior reduction 1» inoresssed to 9^f 
coarsening of second pha®® occurs* fhe g 2 ?ain sis® is 
1*90 miorons* fhe structure is intermixed • i»®«» the grains 
of second phase are more or less continuous or it is not 
clear where on® groin ends ^ and the other begins (S^ig *10) # 

With further inctreas© in prior reduction to 965^ an 
eewiaxed structure is obtaios^ two phases ai?® 

^ separate' grainov ■inberidm 

smootht: ^ : graSii' ■Oise: is : M general^ 

petioles Of ::fiecond : j^se' :8p?e . 

the Other •:;:^3?hi6:aight: : 
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structure though the length of the iamoliee lo reduced very 
muoh and partillol aligniaoiat of the lamellae is lost vdiloh was 
observed in tho As-oast euteotic. In the case of 96^ prior 
reduotlonf son© rouMing of second phase particles occurs* 
i,®,, the structure ia tending to bo equiaxed* 

fhe effect of annealing at 1SG®0 for vaiylrg amounts, 
on aesuplos having different prior reductions was stud led# 
Oompariag the structure of 54^ prior reduction sasple after 
aansoling for 1 * 3 and 7 days, it was found that grain siao 
increased from 1 #00 mioion in the unannealed state to 1,39, 

1 ,90 and 2,30 microns respectively. Before annealing the 
structure Was Very fin© (l*ig,6,7) and the two phase wore 
separate grains and interphaa© bouxidariea were relatively 
smooth, thoitgh some oXuet ©ring was also present. By annealing 
the structure become© intermixed type (Big.lS), fhe second 
phase particles are longer in length than in width thou^ 
they are not ©traight , Uhe iatenBixed oharaoter is lost by 
©naearling for 7 dsy© whezi an equltapsed stmoture Is obtained 
in which two phases are separate jgrain® and interphas© 
boundaries are relatively smooth* 

for 79^ prior reduction, the grain ©is® increases 
from 1*00 micron in the unan««oled state to 1 450 $ If 49^ end 
■ 24 ia 0 ' microns after m '7 -respcbtively, 

fhe inter^has®' bound«^i»»;are;;;eharP': 
annexing for; t;i3 Vend 7 

the grain .bowQ^a^ ;of Vhe matrix - were ' ; 
sofflsv pieOeSV " : ^ 
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Foa? 87^ pallor reauotioa# tho .^ain elsf© taoroaMS 
from 0*98 miorom Isi the unameolea «tate to 1*69* U90 a»a 
2 #40 sioffons after Lmm^tsiQ for If 3 assa 7 days rsepcotively* 
Mter smJioiiCLine for t dt^f tho inte3?pha«0 bou»dta?fe 0 remaJaa 
alia 3 :p and grata toouintl arise of poraat mafrlac aro rovealed* 

After for 3 the otruoturo roiaaiaQ ©am© except 

for ooai’‘ac}nl«g* grtiin bouadiiiriea of the paroat matrix 
aro otiXt Tloihle# »Aftor amiealiag for 7 day® the struotus,'^ 
ha&om& itttemixed ty|te# 


for 92^ prior ;ii’oduotioat aoi^e^ing for 1 day pisoduood 
a graia eiae of 1«70 j^oroaa ae o^ax^d with 1*90 miorom 
ia the ttaexmealed etate* She atruotare ta intermixed typo 


in the unanacaled etate* After annealing" fOi’ 1 the inter*- 
phase houndarleo beoosae olear* After aanoaXihg for 3 day® the 
stxnotttr# ahowe tm p)mmB e® eoparate gralne 03»d intorphaeo 
feoundarleo as?© reXatiyely offiootfe* She grain elfiio i» 1'«79 
miorone* After amoidlag for f d^s the otruotare heoorae© 
inteimixM typ© «nua the eioe i» 2*10 mlorons* 

f or prior reduotioni '^o naaimeaXod’'^ i^ . 

two phaeeo ao oeparate grain® end grain ei®o i# 1*70 isaiorono * 
ft heotmeO' 2 micron® struoturo become® intermixed type 
after anseaXiag; f<»? t:4ay« '- After enneaXing for 1 4eye» the : 
rgrain': ®i®e again; :the: two phaee® ; 

ooetr a® ©eparat# gra^t ; the M houMarift^^^^M 

eXear; end smeotii,^;:::;A|ter "aaaaebXI^ 

.::|nBr««fleii;inrtfeer;:t® ■; 

: : Intexmixed ' type ... 



From the observations above it became clear that* 

(1) Upto 87^ prior reduction there is no change in 
grain size. A^ter 92^ prior reduction coarsening occurred. 

(ii) By annealing, coarsening of grain size occurred 
in general. The structure was not stable as it alternates 
between intermixed type, where the grains of second phase 
are more or less continuous, and olear-»out type where the 
two phases 00 oxir as separate grains and interphase bouMarles 
are olear and smooth. 

(iii) For small prior reductions the particles of 
second phase are longer in length than in width. They are 
not straight but are curved in a zig**zag fashion. Ulth 
increasing amount of prior reduction the structure tends to 
become equiaxed* 

(iv) Samples B**7 ^d give same grain size of 
2*00 microns, thou^ they have widely varying meohanio^ 
and thermal history* has 73^ pnior reduction and has 
been annealed for 7 days and E*1 has prior reduction 
and has been annealed for 1 day* 
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3.2 Mechanical Data 

Following information was obtained from tension tests 
on Ihstront 

As-cast material (Fig, 31) shows a low value of m («0.16) 
at all strain rates, for room temperature tests. The elongation 
was small and the fractured surface clearly showed a blow hole. 
This observation was made in all the three As-cast samples 
tested. However, the number of blow holes was only very small. 
The microstructure recorded (Figs. 2-6) did not show any blow- 
holes. 

With increase in prior reduction (Pig. 31) m values 
Increase. Upto prior reduction no peak in the m vs. strain 
rate curves was observed upto the minimum strain rate studied 
(3.2x10*® min“^). Prom S7% prior reduction onwards a peak is 
observed at the intermediate strain rate. In all cases the peak 
is rather broad, indicating occurrence of high m values In a 
broader band of strain rates. The maximum value of in « 0.46 
was observed in two Cases - one for 735^ prior reduction at 
3.20x10"® min"^ and the other for prior reduction at 
4.6x10**® mln"^. 

With strain-rate cycling it was f ound > (Pig , 32 ) that m 
Values are higher in second cycle even upto 875^ prior reduction. 

Increasing the test temperature Improyea the ra values 
considerably (Pig. 33). The i>eak m was 0.48 at 6xlG“® 
for a samlple with 64JJ prior re^ctldn. With Inc reaSihg prior j V 
reduttlon, the improvement in m values due to test temperature 
is better. The peak is shifted to higher strin rates. Thus,, 
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the effect of Increasing prior reduction and increasing test 
temperature Is similar -* both shift the peak to the higher 
strain rates. 

With annealing the ra values go down andi peak is shifted 
to lower strain rates. When prior reduction is more, the m 
values for annealed samples approach, at low strain rates, the 
values that are higher than those for unannealed samples at those 
s triin rates (Figs. 34 38). 

The log 0 ^ -> log 4 curves are S- shaped In some oases 
(the corresponding m vs. strain rate curves of these showed a 
peak) (Fig.40). With increasing prior redtiction the true stress 
decreases. There is a large decrease in stress values from 
prior reduction to 875^ prior redxiot ion though the grain size 
remains nearly same. No correlation between grain size and true 
stress could be obtained. 

With strain- rate-cycling (Fig .41) it was found that 
Increasing prior reduction reduces the difference in stress 
values for the first and second cycle. For and 62j< prior 
reduction, the true stress Values did not change with strain- 
rate-eycllng. This indicates that with Inoreaslng prior 
redaction the stxucture remain stable during Superplastic 
elongatloh. In our case the minimum prior reduction to attain 
a relatively stable structure was 87 i ’ 

With Increasing test temperature (Fig, 42) stress values 
are lowered but the nature of log o.. ya| log 4^ 
unchanged. 
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With increasing annealing time the true stress values 
increase (Figs. 43 - 46) hut the nature of log ^ vs. log ^ curve 
remains unchanged. This increase is observed upto annealing for 3 
days. Further annealing either does not change the stress 
(Pigs. 46)45) values or decreases the stress level (Plg.43), 

This indicates that the structure becomes stable after annealing 
for 3 days. No correlation between grain size and true stress 
was obtained. 


In a constant cross-head speed test (Plg.49), it was 
found that in a sample with 64^ prior reduction the tme stress 
Value dropped with ^ elongation at room temperature and this 
drop was reduced to a very small Value at 120*G test temperature. 
In a sample with prior reduction (Fig. SO), thettrue stress 
remained more or less constant with Increasing elongation. With 
annealing for various amounts the true stress falls with 
increasing elongation. This Was observed in other samples also 
which had different amounts of prior reduction. This effect may 
be due to the grain growth during deformation and/or from the 
contribution of decreasing strain rate with Increasing strain 
(strain rats becomes half for every 100J< elongation) to flow 
stress. Ideally, the test should be done at constant strain rate 
in order to spparate contributions of structural changes 

'and strain'- rate®^r ■ ■■ 


^ te\r cross-plots; were also made* /-Oomparing the 
strain rate plots (Fig.39) of same grain-sized material processed 
; ■/ differently^ a .large ; dif ferenoe; in- A '.values''; was, 'found*',.: It 
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Therefore, / < l|xj| / f dX + e . Since c> 0 is 

arbitrary, we get / fdV(v^^^) < | jxj j / fdX . This shov'/'s 
that <_ I [xj j X • Ifence for ary BBS, ] v^^^(E)| ^ 

Y(y^^^)(E) < jjxllX(E). Therefore, | | Pj^(E) j j < X(E). Since 

this is true for any EG 2, we have Y(wjj) < ^ • Thus Wj, 

is of bounded variation and is regular. Hence G M(S,X^, ' 

and also 1 I 1 ^ < | j 1 1 1 y = 1 1 ^1 1 • 

( 

Erom the definitions, it is clear that xoVt, = v for 

n 

any x G X. So if we tahe P G 0^(3, X) of the form 
with each x^ G X and each fj^ G OqCS), then from Proposition 
2,5 and 2,6, it easily follows that / Ediij^ = • SinTO tte 

functions of this form are dense in 0^(3, X), we have 1(E) = 

/ EdWj^ for any E G 0^(3, X) , It also follows that lIi(E)j « 

1/Edy^l < lllEljl^ II^lUv’ - il'^lllv* 

we have already proved j juj^j — I 1^1 1 > have j j j = | |l>| [ • 
Moreover, it is easy to see that the correspondence L -♦ Vjq 
is linear and our proof is coii$>lete , 

Notes If G is a locally compact abelian group, then 
the correspondence of Gq(G,X)* and M(G,X^ will be taken 
in the following way for convenience, 

<M ,E> = / E(-.x) dy(x) • 

G 

2,9 Product Measures! let (X,Y,Z) be a bilinear 
system of Banach spaces. Let S and T be locally conpact 
Hausdorff spaces and let S ^ r be their cartesian product. 
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It shows both intermixed type structure an^ the other type 
in which interphase boundaries are clear. For 73^ prior 
reduction sample, the grain size increases from 1,00 micron 
to 2,20 microns after 2005? Si;iperplastioe elongation (Pig. 28), 

The interphase boundaries are smoother* For 875? prior reduc- 
tion, the grain size increases from 0,98 microns to 2,20 microns 
after 3005? Superplastic elongation (Fig, 29). The interphase 
boundaries sremaln smooth. For 925? prior reduction 8amPla» the 
grain size increases from 1.90 microns to 2.30 microns after 
1005? Suporplastic elongation (Pig, 30), The Interphase boundaries 
remain smooth. Thus, in general, coarsening of structure occurs 
by Superplastic elongation but interphase boundaries remain 
smooth and structure remains relatively equlaxed. Coarsening 
also occurred by annealing but by annealing the interphase 
boundaries are zig-zag and the second phase particles are not 
equlaxed. 

MssMsXm 

As-Cast structure is not Superplastic because the 
structure is predominantly lamellar. This is In oonformity 
with the findings of earlier workers. 

With Increasing prior reduetion, re crystallisation 
and/br grain grbwtb change the initial la«ella^»tiuot^ 
to a relatively more equlazed structure. The sudden change 
in grain size is possibly due to beating 
'put' 'ini; iSwabing*;v,^|.'')iio reaslnk’^prlbr 
relatively more stable struoture which changes only very 
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little ty Superplastic elongation* When prior reduction is 
less the structure is relatively tinstahl® during SUperplastie 
elongation. 

The processing history determines the shape of the 
second phase particle. Prior reduction produces a coarsened 
hut equiazed structure. Annealing also produces coarsening 
but the second phase particles are elongated and have zig-zag 
shape. Earlier workers have found evidence for a large contri- 
bution of grain boundary sliding in Superplastlc elongation in 
Pb-Sn eutectic. If this is so, our observation that annealing 
is deterimental to Superplastlc behaviour and prior reduction 
is beneficial though both lead to a coarsening of structure, 
can be explained on the basis that prior reduction produces 
equiazed structure and annealing produces elongated grains 
with zig-zag boundaries which are a hlnderance for grain 
boundary sliding. Comparing the behaviour of same grain- 
sized material processed differently, a difference in 
behaviour was observed because of different contributions 
of mechanical and thermal processing , 

Ih this study, the variation in grain size obtained 
by different meohanical and thermal processing was only a 
few microns. Even the coarsest structure obtained was fine 
from the point of view of criteria for observing Superplastl- 
oltyr^ 

Pb-^ eutectic, Avery ahd Backofei^ found that trje 
stress is proportional to L®, I»ater ion Martin and Backofen®^ 
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found that true stress Is proportional to where a equals 
0,6 - 0,9, From our study it appears that the uncertainty 
in grain size dependence of flow stress arises because of 
Variation in processing history. We did not find an exact 
correlation between grain size and flow stress* With Super- 
plastic elongation the grain size Increased while true stress 
decreased. This is probably due to smooth nature of interphase 
boundaries* The irregular boundaries lead to a higher value of 
true stress* Another observation substantiates this. The 
Initial true stress* I* decreased with increasing prior 
reduction. Also, with increasing prior reduction a relatively 
equiaxsd structure with smooth Interphase boundaries is obtained* 
This emphasises the importance of the nature of interphase 
boundaries in determining the Superplastlc behaviour of Pb-Sn 
eutectic. Strain- enhaueed coarsening has been studied In 
eutectoid steels, in which the lamellar structure can be rapidly 
changed by hot working to the typical structure of spheroids 
of cementlte in a ferrite matrix uorraally obtained by long-term 
annealing'®* .The stress vs, strain curves in this case show 
a drop with continued strain. It was suggested that the 
spheroidisatlon process can be enhanced by cold work followed 
by annealing, but hot work is more effeotlve. 
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CHAPTER 4 
CONCLUSIONS 

Following conclusions can be drawn from the present 

study, 

1. As-Cast Pb-Sn eutectic Is not Superplastic, 

2, The Superplastlc behaviour Is enhanced by prior reduction 
by swaging which leads to a relatively equla*ed structure. 

3, Annealing is deterlmental to Superplastlc behaviour In 
Pb-Sn eutectic as it leads to elongated grains with zig-zag 
interphase boundaries. 

4. The shape of the second phase particle and the nature of 
Interphase boundary are important factors in determining 
Superplastic behaviour. Even the same grain sized materials 
behave differently if the shapes of the second phase Particles 
is different. A relatively equlaaced structure shows better 
Superplastlc properties than an assymetrlc structure with 
zig-zag Interphase boundary* 
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Fig. 12 A-1 : Annealed at 1200 0 Fig.1 3 B-1 : Annealed at I20o0 

for 1 day, X 1110, for 1 day (24 hours), 

L=\-5Sya X1110,^ = h5v 
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L « I* 
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FIG 39 m vs, ^ BEHAVIOUR OF SAME GRAIN SEIZED MATERIAL PROCESSED 

DIFFERENTLY 
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FIG 45 EFFECT OF ANNEALING ON o’ vs € BEHAVIOR (92 'A PRIOR REDUCTION) 




STRAIN RATE, £ [mIn" ] ► 

F1G.46 EFFECT OF ANNEAUNG ON cr vs 6 BEHAVIOUR (96 7. PRIOR REDUCTION) 










FIG 46 INITIAL TRUF STRESS AND GRAIN SIZE vs PRIOR REDUCTION 



TRUE STRESS, tr [Kg/cm^J 


Pb-Sn EUTECTIC 
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GRAIN SIZE 1 00 MICRON 



FIG 49 EFFECT OF TEST TEMPERATURE ON cr vs ELONG 
BEHAVIOUR (54% PRIOR REDN.) 
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APPisiroix 1 


MA!PRRIAI.S 


Materials were obtained frcm Amerloan Smeltlr® and 
Refining Company, Central Heeearoh Iiab,, South Plainfield, 
New Jersey 07080, U»S.A. head was 99*99^%$ G-rad© B-58. 
fhis was in fine granular form* This was vacuum melted to 
get big enough chunks to facilitate air melting for makii:^ 
the alloy* Speotrographio analysis of Iiead indicated 
following loipurltios in p.p.m, 

' ' ■ . It 

Sb, 2?1, iin, iin, Or, 2fi, Bi, Ca, In and Za t N.D, (not 

detected) 

Mg, SI, Fe, Cu w 1 p*p*m* 

A1 5» Gd « 5, Ag 1* 

fin was 99*99?^ purity and obtained from the Semi-Alloys 
Ino • IJ*S«A4 


PHysKI AL DAf 
(a) Metals 

Specif to Gravity 
Melting Point 
Bolling* Point 
Speoiflo^ 


m 

7*3t gm/om^ 
25200 
226000 
O>0556 


mm 


11.54 



32700 

162000 

0*029T 


(b).;ButeotiO:;\Alioy^^^^ 

doiaposltldni Pb •*' 61 *9 Sn 

Pb Mightly gx^ater than 70^^^^^*^ 
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Voiiune traction of tin » 0.71 
M.P, of eutectic » I830G. 

Solid Solubility of 3n in Pb at Lt . 
Solid Solubility of Sn in Pb at 1200C 
Solid Solubility of Sn in Pb.at 183<»0 


w 1 wt.^^ Sn. 

» 6 wt.^ Sn. 

« 19.2 wt.?5 Sn 


Solid Solubility of Pb in 3n at R.t. a m 

Solid Solubility of Pb in Sn at 12000 « Nil 

Solid Solubility of Pb in Sn at I830C « 2.5 wt.$« Pb 

PBCTSiOKS OP SAf^EBS 

Round specimen {k AND B) had a gage length of 1”, 
dia of gage section 0.16". It was a standard specimen speci- 
fied by Instron manual. 

She wire specimens (0<-E) were made ouch that gage length 
was 4 X Dia. and grip sections on each aide were nearly eqiual to 
the gag© length. 



APPSIIDIX 2 
IpDmOAMGIl OF Iiliea Itfi’BHGSPS? £©^035 


^3 


A two phese matorlal liave ffiioroatruetjia?© ^oeorlljed 
by eltiior of the tv/o following oaees t 

(a) A two phiiss© ©yotem of partioles (*<) ©rabedded in a matrix (f) 
in wliloh the partioloo do not touch eisoh other# 

(b) A two pheeo ©yatca of particles ('*<) embedded in a matrix 
in which some of th© particles are touoliing one another 
(«<*»<)• 

For case Ca)^ the grfstn sis© or mean intercept length 
is given by 

Hn< 

^ jg, . n i|^ M' 

wher®! (VJ^ m Volume fraction of «< * This value is freiiuently 
obtained by point count* 
ir «ii Humber of interseotione of grains per unit 
length of a random test line* 
f «■ Hhmbsp of intersection# of grain boundary 
traces per’ unit length of tost line* 

In the caso of ib^an sttteotio 

for tlie case (b)^ tho grain else or msaa interoept length 



where refers to intex'faoe between and ^ « 

refers to interface between •< and «< . 

Iho values of and are counted simultaneously 

along the striae random test lines ♦ 


ADPiailOWAL S.mPI^g 

fwo additional saii:5)les were also studied, 
fhey.are i 

Ig-ay^t.i;^,ig.^ti.o|;^. -grior. Hed^oMon.^, Pla,..aftjgr... Swaging^ 
jmm, ^ 29.5^ 0.42»‘ 

BBIA 42,396 0.38“ 
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Xf fXg ) • • * aro the a clGtf'rraiaa'tiom of the 
muiiljor of laterseotlon© » then the number of meaQuremont® 
Bceoasasy to provide a 63f’ probability that the error of 
th*o mean will not exoeod 4 : 1 '^ is given by 

*“ Varietaoo 

iVM, the miaber of neaQi«?oaonte nooessiecy to provide a 
95?^ probability that the error of tne mean will not exoeed 
i& given by 


Bgj - 4Vjj 

v , # 

Valiig otendard error of the jaean Sjg, m (*^) as the 
aaiisure of preoiaioni aoeos^ding to statistioal thooryi 
tlioi’o is a 63^ probability that the jaeanx will fall 


bo tween the limits x ± 8^ aiad a 93^4 probability that the 
noon will fall in the range x SS^* A sample ealeulation 
follow®# y 


Mean, i « m - 

farianoe p m ^ . m - 1 .* 1 


■' fhe ■ etandfirh' : ■ -m ' jy 

■ deviatioh; :/ 

y:9*ha" staniard ■ : - ^ 

^ error' of: thb mean" : 



„Vt* 


MW. 






UJabl© 


Ooimt Huober 

ifutsbor of 
Xnta2:s©otion0 

(x-xr 

1 

86 

1 

2 

84 

1 

3 

85 

0 

4 

86 

1 

5 

83 

4 

6 

86 

1 

7 

86 

1 

s 

85 

0 

9 

S4 

1 

10 

85 

0 

SW 

'"850 

10 


9?his tells tiiat the miaber of Keasureaiejata aeGeseiiry to 
proTMe a 95^ probability that Hi© error of th© aeash 
will aot sscoeed is 4 x 1«t »* 4*4 or 5 oouats* 

fhis also tells that thei© is 95'^ probability that 
the mean X win fall botweexi the liiaits x 0«€$« Frosi 
thiSf error in graih siise am b© oaloulated as follows* 

9rain sis© oorresponiing to tiosan x «> @§ 

Jt* <» «>: t laiorons 

, 4ri!to :®lss ooi^8$>ondl«g to moxiiaiBs :via?iation;ia x : v 
the: jiositiys\^ 
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* 2 X 1760 X 85 .6^ “ ^ raioroas 

Orala alsse oorroaporKllng to miniraum variation in x on 
tho negative siae# l*e., x » 84 #341 

^max* ^ Tx if « UtO 

lUhereforoi using 5 counts ©aoh tla>e gives a 9554 probability 
that the grain atm lies between 

1*08 It 1 *t0 laiorons 

OVf % error from tiio mean m 

w OwSlT^. 
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